Abstract. The present study was conducted to examine the involvement of the activin-follistatin system in the fibrotic process of the kidney. Immunoreactive activin A was upregulated in tubular cells in the kidneys with unilateral ureteral obstruction but not in normal and contralateral kidneys. Activin A promoted cell proliferation, enhanced the expression of type I collagen mRNA, and induced the production of ␣-smooth muscle actin in a rat kidney fibroblast cell line (NRK-49F cells) as well as in primary cultured renal interstitial fibroblasts. In contrast, activin A did not affect the expressions of ␣-smooth muscle actin and type I collagen in renal epithelial tubular cell lines LLC-PK1, and MDCK. Follistatin, an antagonist of activin A, significantly inhibited cell proliferation in NRK-49F cells. Blockade of activin signaling by overexpression of truncated type II activin receptor, which lacked the intracellular kinase domain, decreased cell proliferation and reduced the expression level of type I collagen mRNA in NRK-49F cells. The expression of activin A was induced by TGF-␤1 or activin A itself. Induction of type I collagen expression by TGF-␤1 was reduced by follistatin or by overexpression of truncated type II activin receptor. These results suggest that activin A produced by tubular cells acts as a paracrine factor that activates renal interstitial fibroblasts during the fibrotic processes of the kidney.
onist of activin A, significantly inhibited cell proliferation in NRK-49F cells. Blockade of activin signaling by overexpression of truncated type II activin receptor, which lacked the intracellular kinase domain, decreased cell proliferation and reduced the expression level of type I collagen mRNA in NRK-49F cells. The expression of activin A was induced by TGF-␤1 or activin A itself. Induction of type I collagen expression by TGF-␤1 was reduced by follistatin or by overexpression of truncated type II activin receptor. These results suggest that activin A produced by tubular cells acts as a paracrine factor that activates renal interstitial fibroblasts during the fibrotic processes of the kidney.
Interstitial fibrosis is a common feature of progressive renal diseases (1) (2) (3) . A decline in renal function often correlates with the severity of chronic interstitial injury (4 -6) . In the injured interstitial tissue, fibroblasts proliferate, differentiate into myofibroblasts, and synthesize extracellular matrix, leading to the progression of renal fibrosis (7) . Several signals that may modulate the interstitial fibrogenic process have been identified. TGF-␤ is known to be a key mediator of renal fibrosis (8 -12) . Upregulated expression of TGF-␤ has been observed in human and experimental models (13) . Connective tissue growth factor, a novel profibrogenic factor, may be an important downstream mediator of TGF-␤ profibrotic activities (14, 15) . Basic fibroblast growth factor (FGF), a mitogenic factor for various types of renal cells, is upregulated in fibrotic kidneys (16) and mediates TGF-␤-induced cell proliferation in renal interstitial fibroblasts (17) . Basic FGF is also implicated in tubular epithelial-mesenchymal transdifferentiation (TEMT) (18) . Conversely, bone morphogenetic protein-7 (BMP-7), an antifibrogenic factor, ameliorates glomerular and interstitial fibrosis (19, 20) . Recently, BMP-7 was proved to counteract TGF-␤-induced TEMT and reverse chronic renal injury (21) .
PDGF (22) , hepatocyte growth factor (23) , and angiotensin II (24, 25) were shown to be involved in fibrotic processes of the kidney. However, the precise mechanism of fibroblast activation in renal interstitial fibrosis remains unknown.
Activin A, a member of the TGF-␤ superfamily, is a dimeric protein composed of two ␤ A subunits (26, 27) and is expressed in various organs (28) . Activin A regulates cell growth and differentiation in various types of cells (26, 27) . An important regulatory factor that modulates activin A action is follistatin (29) . Follistatin stoichiometrically binds to activin A with high affinity and blocks its action (29, 30) . Follistatin is synthesized in the target cells of activin A and remains in the extracellular matrix (31) . Activin A is trapped by follistatin, internalized by endocytosis, and subsequently degraded by proteolysis (32) . Activin A is expressed in the embryonic kidney but not in the adult kidney (33) . Activin A was shown to inhibit branching morphogenesis of the ureteric bud in an organ culture system (34) as well as in an in vitro tubulogenesis model (35) . The number of glomeruli is increased in the kidney of transgenic mice expressing dominantly negative activin type II receptor (36) . Collectively, activin A is a negative regulator of tubulogenesis. Recently, we demonstrated the involvement of the activin-follistatin system in tubular regeneration (37). The expression of activin A, which was not detected in normal kidney, was upregulated in tubular cells after ischemia/reperfusion injury (37). In contrast, follistatin, which is abundantly expressed in tubular cells (38) , was decreased in ischemic kidneys. Blockade of activin action by intravenously administered follistatin improved renal dysfunction and histologic changes after renal ischemia (37), supporting the idea that activin A acts as an autocrine inhibitor of tubular cell growth (39) . We then asked whether endogenous activin A in the damaged kidney is involved in renal interstitial fibrosis. To address this issue, we examined the expression of activin A in fibrosis model kidneys induced by unilateral ureteral obstruction (UUO) and studied the effect of activin A on TEMT in renal epithelial tubular cells as well as on fibroblast activation in renal interstitial fibroblasts.
The present study showed that activin A was upregulated in tubular cells of fibrotic kidneys. Activin A did not induce TEMT in MDCK cells and LLC-PK1 cells. In contrast, activin A promoted cell proliferation, induced differentiation into myofibroblasts, and enhanced the expression of type I collagen mRNA in NRK-49F cells as well as in primary cultured renal interstitial fibroblasts. The expression of activin A was induced by TGF-␤1. TGF-␤1 enhanced the expression level of type I collagen in NRK-49F cells, but its effect was canceled by follistatin or overexpression of activin mutant receptor. These results suggest that activin A acts as a profibrotic factor in the injured kidney and could be a new target for the treatment of chronic renal fibrosis.
Materials and Methods

Materials
Recombinant human activin A and recombinant human follistatin were provided by Dr. Y. Eto (Central Research Laboratory, Ajinomoto, Kawasaki, Japan). Recombinant human TGF-␤1 was purchased from Wako (Osaka, Japan). Monoclonal anti-mouse ␣-smooth muscle actin (␣-SMA) antibody was obtained from PROGEN Biotechnik (Heidelberg, German). Polyclonal goat anti-human Smad-2/3 antibody and polyclonal goat anti-human activin type II receptor antibody were obtained from Santa Cruz Biotechnology (Santa Cruz, CA). Polyclonal goat anti-human activin A antibody was purchased from R&D Systems (Minneapolis, MN). [ 3 H]Thymidine and [␣-32 P] dCTP were purchased from Dupont New England Nuclear (Boston, MA).
UUO
UUO was performed in male Wistar rats that weighed 200 g (NIHON SLC, Hamamatsu, Japan) as described previously (40) . Briefly, after induction of general anesthesia by intraperitoneal injection of pentobarbital (50 mg/kg body wt), the abdominal cavity was exposed via a midline incision and the left ureter was ligated at two points with 4-0 silk. At the indicated times after UUO operation, rats were killed and the kidneys were removed for RNA extraction or histologic examination. UUO was confirmed by observation of dilation of the pelvis and proximal ureter and collapse of the distal ureter. Contralateral kidneys were used as controls. The experimental protocol was approved by the Ethics Review Committee for Animal Experimentation of Gunma University.
Reverse Transcription-PCR
Total RNA was extracted from whole kidney or cells with the TRIzol reagent (Invitrogen, Carlsbad, CA) according to the manufacturer's instructions. First-stranded cDNA was prepared using the Superscript Preamplification System (Invitrogen). Reverse transcription-PCR (RT-PCR) was performed with the primers as indicated in Table 1 . Reactions included 5 l of 10 ϫ PCR buffer, 4 l of MgCl 2 (25 mM), 5 l of dNTP mixture (2 mM), 1 l of 3' primer, 1 l of 5' primer, 0.5 l of Taq polymerase (Roche, Branching, NJ), and 1 l of cDNA. Samples were incubated at 94°C for 5 min, followed by the 30 cycles of 30 s at 94°C, 30 s at 55°C, and 45 s at 72°C, with final extension at 72°C for 7 min in a GeneAmp PCR system 9700 (Perkin Elmer, Shelton, CT). Reactions without cDNA were used as a negative control. Reactions were repeated at least twice.
Immunohistochemical Analysis
Immunohistochemistry via an avidin-biotin coupling immunoperoxidase technique was performed using Vectastain Elite ABC kit (Vector Laboratories, Burlingame, CA) according to the instructions as described previously (37). Rat renal interstitial fibroblasts were isolated from male Wistar rat kidneys as described previously (41) . Renal cortex was minced and digested in a solution of 0.2% type I collagenase. For removing contaminating glomeruli and tubules, the digests were passed through a 36-m mesh. Renal fibroblasts were cultured in DMEM containing 10% FBS in an atmosphere of 5% CO 2 -95% air at 37°C. Isolated cells were identified as interstitial fibroblasts by fibroblastic morphology and immunocytochemical staining (positive for a mesenchymal marker, vimentin, and negative for an epithelial marker, E-cadherin, and an endothelial marker, platelet-endothelial cell adhesion molecule [PECAM] ). Primary cultured fibroblasts were used from three to five passages in this study.
Western Blot Analysis
Cells were washed three times with PBS and suspended in lysis buffer. After centrifugation, supernatant was collected, and the protein concentration was determined with the BCA protein assay kit (Pierce, Rockford, IL). Twenty micrograms of protein from each sample was separated by SDS-PAGE and transferred to a polyvinylidene difluoride (PVDF) membrane (Millipore, Bedford, MA). To reduce nonspecific antibody binding, the membrane was blocked with Block Ace (Yukijirushi, Osaka, Japan), incubated with primary antibody for 2 h, and washed with Tris-buffered saline (20 mM Tris-HCl, 150 mM NaCl, and 0.1% Tween 20) . After incubation with peroxidase-labeled secondary antibody for 2 h, the membrane was washed with Trisbuffered saline and analyzed by exposure to X-ray film using Supersignal West Dura Extended Duration Substrate (Pierce).
Measurement of DNA Synthesis and Cell Proliferation
DNA synthesis was examined by measuring [ 3 H]thymidine incorporation. Serum-starved cells were incubated in complete medium with the indicated concentrations of activin A for 20 h and pulselabeled with 1 Ci/ml [ 3 H]thymidine for an additional 4 h. [ 3 H]Thymidine incorporation into TCA precipitable materials was performed as described previously (42) . Cell proliferation was examined by MTT (3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide) assay as described previously (39) .
Immunocytochemical Analysis
Cells cultured on coverslips were washed with PBS, fixed with 4% paraformaldehyde, permeabilized with 0.1% (vol/vol) Triton X-100 in PBS, and then incubated overnight in PBS containing 3% BSA. Cells were then treated with primary antibodies at room temperature for 1 h. After washing with PBS, cells were incubated with a mixture of FITC-labeled rabbit anti-mouse IgG antibody or Cy3-labeled rabbit anti-goat IgG antibody and DAPI (4', 6-diamino-2'-phenylindole dihydrochloride; Boehringer Mannheim, Mannheim, Germany) for 1 h at room temperature. Immunofluorescence images were recorded as described previously (39) .
RNA Extraction and Northern Blot Analysis
Total RNA was extracted from cells using TRIzol reagent according to the manufacturer's instructions. Total RNA (20 to 25 g) was electrophoresed on a 1.0% agarose gel containing 2.2 mol/L formaldehyde and blotted onto a Hybond-Nϩ membrane (Amersham Bioscience, NJ) by capillary blotting in 20ϫ SSC. The membrane was prehybridized for 2 h at 42°C in a hybridization buffer comprising 50% (vol/vol) formamide, 5ϫ standard saline phosphate-EDTA, 5ϫ Denhart's solution, 100 mg/ml denatured salmon sperm DNA, and 0.5% SDS, and then hybridized for 12 h at 42°C with the following probes: human ␤A subunit cDNA (provided by Dr. Eto), human glyceraldehyde-3-phosphate dehydrogenase (Clontech Laboratories, Palo Alto, CA), rat type I collagen, rat matrix metalloproteinase-2 (MMP-2), rat tissue inhibitor of metalloproteinase-1 (TIMP-1), and rat plasminogen activator inhibitor-1 (PAI-1). These probes were labeled with [␣-32 P] dCTP using the Ready-To-Go DNA labeling beads priming kit (Pharmacia, Uppsala, Sweden). The membrane was washed five times in 0.1ϫ SSC-0.1% SDS for 5 min at room temperature and then at 55°C for 30 min. The autoradiograph was taken and analyzed with Fujix BAS 2000 (Fuji Photo Film, Tokyo, Japan) and photographed with Fujix Pictography 3000 (Fuji Photo Film). Probes of rat type I collagen, MMP-2, PAI-1, and TIMP-1 were generated by RT-PCR. RT-PCR was performed as described above using the primers shown in Table 1 . PCR products were purified with SUPREC-01 (Takara, Shiga, Japan) and Microcom Centrifugal Filter Devices (Millipore).
Transfection and Establishment of Stable Cell Line
NRK-49F cells were transfected using Lipofectamine PLUS (Invitrogen) with PCXN2 plasmid containing truncated activin type II receptor (tARII) (35) , and transfectants were selected by continuous growth in G418 (800 g/ml geneticin; Invitrogen). After five passages, 10 individual clones were isolated and screened for tARII expression by Western blot analysis. Three clones expressing high levels of the receptor message were identified and used in this study. We observed no significant differences among the three clones in the experiments performed.
Statistical Analyses
Differences between the means was compared by t test with P Ͻ 0.05 considered significant.
Results
Expression and Localization of Activin A in the Kidneys after UUO Operations
We first analyzed the expression of mRNA for ␤ A subunit in rat fibrotic kidneys with UUO by RT-PCR. As shown in Figure  1A , the expression of activin A was not detected in normal and contralateral control kidneys. In contrast, the expression level of mRNA for ␤ A subunit was significantly increased at 3 d after UUO operation and thereafter. To examine the localization of activin A in the kidneys with UUO, we performed immunohistochemistry using anti-human activin A antibody. As shown in Figure 1B 
Effect of Activin A on the Expressions of ␣-SMA and Type I Collagen in Renal Epithelial Tubular Cells
To investigate the role of activin A in renal fibrosis, we examined whether activin A is involved in TEMT, which is an important event in tubulointerstitial fibrosis, in renal epithelial tubular cells (43) . We analyzed the effect of activin A on the expression of ␣-SMA, a phenotypic marker for myofibroblasts, in renal epithelial tubular cell lines LLC-PK1 and MDCK by Western blot analysis. The expression of ␣-SMA was detected in both LLC-PK1 cells and MDCK cells. However, activin A did not affect the expression level of ␣-SMA in these cells (Figure 2A ).
To clarify whether activin A is involved in extracellular matrix (ECM) synthesis in renal tubular cells, we also examined the effect of activin A on the expressions of type I collagen by Northern blot analysis. Activin A did not enhance the expression of type I collagen in LLC-PK1 cells or in MDCK cells (Figure 2 , B and C).
Expressions of Activin A and Activin Type II Receptor in Renal Fibroblasts
We next examined the effect of activin A on renal fibroblasts. We used two kinds of fibroblasts, NRK-49F cells and primary cultured rat renal interstitial fibroblasts. First, we examined the expression of activin A and activin type II receptor in NRK-49F cells. As shown in Figure 3A , a, ␤ A subunit for activin A was detected in NRK-49F cells. Immunoreactive activin A was localized in the cytoplasm of NRK-49F cells (data not shown). Activin type II receptor was also expressed in NRK-49F cells ( Figure 3A, b) . These results suggest that activin A acts as an autocrine or paracrine factor in NRK-49F cells.
Effect of Activin A on DNA Synthesis and Cell Proliferation in Renal Fibroblasts
We next examined the effect of activin A on DNA synthesis in NRK-49F cells. DNA synthesis was assessed by measuring [ 3 H]thymidine incorporation. As shown in Figure 3B , activin A significantly promoted DNA synthesis in NRK-49F cells. We also examined the effect of activin A on cell proliferation in NRK-49F cells by MTT assay. As shown in Figure 3C , activin A significantly promoted cell proliferation in NRK-49F cells. To confirm that activin A has a potential to induce fibroblast proliferation, we examined the effect of activin A on cell proliferation in primary cultured renal interstitial fibroblasts. As shown in Figure 3D , activin A significantly promoted cell proliferation of these cells.
Effect of Activin A on the Expression of ␣-SMA in Renal Fibroblasts
We then analyzed the effect of activin A on the expression of ␣-SMA in renal fibroblasts. The expression of ␣-SMA was minimally detected in NRK-49F cells (Figure 4A, a) . In contrast, its expression was abundantly detected in the cytoplasmic region of activin-treated NRK-49F cells ( Figure 4A, b) . In primary cultured renal interstitial fibroblasts, activin A also enhanced the expression of ␣-SMA ( Figure 4C ). Quantitative analysis showed that activin A significantly increased the number of ␣-SMA-positive cells (Figure 4, B and D) .
Effect of Activin A on the Expression of Type I Collagen mRNA in Renal Fibroblasts
To clarify whether activin A is involved in ECM synthesis in renal fibroblasts, we examined the effect of activin A on the expressions of type I collagen, type III collagen, and fibronectin by RT-PCR. Activin A enhanced the expression of type I collagen but not the expressions of type III collagen and fibronectin in NRK-49F cells (data not shown). Northern blot analysis showed that activin A significantly enhanced the expression of type I collagen mRNA in NRK-49F cells ( Figure  5A ). Enhancement of type I collagen expression by activin A was also observed in primary cultured renal interstitial fibroblasts ( Figure 5B) . We examined the effect of activin A on the expressions of MMP-2, PAI-1, and TIMP-1 in renal fibroblasts by RT-PCR and Northern blot analysis. However, activin A did not affect the expressions of these factors in NRK-49F cells or in primary cultured renal interstitial fibroblasts (data not shown).
Effect of Follistatin on Cell Proliferation in Renal Fibroblasts
To assess the role of endogenous activin A in renal fibroblasts, we used follistatin, an antagonist of activin A. Promotion of cell proliferation or enhancement of type I collagen expression by activin A was blocked by preincubation of activin A with follistatin ( Figure 6 A and B) . Furthermore, induction of ␣-SMA expression by activin A was abrogated in the presence of follistatin (data not shown), confirming the inactivation of activin action by follistatin. We then examined the effect of follistatin on cell proliferation in NRK-49F cells. As shown in Figure 6C , follistatin inhibited cell proliferation in NRK-49F cells in a dose-dependent manner. Proliferation rate of NRK-49F cells treated with follistatin was significantly slower than that of untreated cells ( Figure 6D ).
Generation of Stable Cell Line Expressing Truncated Type II Activin Receptor
We generated stable cell lines expressing the truncated type II activin receptor (NRK-49F-tARII). We transfected tARII cDNA into NRK-49F cells, selected G418-resistant cells, and examined the expression of tARII by Western blot analysis. The band of tARII around 45 kD, which was smaller than that of endogenous activin type II receptor (62 and 72 kD; Figure  3A 
Reduction of Cell Proliferation and Decrease in the Expression of Type I Collagen mRNA in Renal Fibroblasts by Blockade of Activin Signaling
We then examined the effect of overexpression of activin mutant receptor on cell proliferation in renal fibroblasts. Proliferation rate of NRK-49F-tARII cells was significantly slower than that of wild-type NRK-49F cells ( Figure 8A ). We also examined the expression of type I collagen in NRK-49F-tARII cells. Northern blot analysis showed that the expression of type I collagen mRNA in NRK-49F-tARII cells was significantly decreased compared with that in wild-type NRK-49F cells ( Figure 8B ). 
Induction of Activin A Expression by TGF-␤1 and Activin A in Renal Fibroblasts
To examine by which factor the expression of activin A is regulated, we studied the effect of TGF-␤1, a potent inducer of renal fibrosis, on the expression of activin A in NRK-49F cells. As shown in Figure 9A , the expression level of activin A was significantly increased after TGF-␤1 treatment. Western blot analysis confirmed that the production of activin A protein was significantly enhanced by TGF-␤1 in NRK-49F cells ( Figure  9B ). We also examined the effect of activin A on the expression of activin A itself. The expression of activin A was significantly increased at 18 h after treatment of activin A ( Figure 9C ). In addition, the expression of activin A was increased after growth stimulation with FBS (data not shown).
Reduction of TGF-␤1 Action by Blockade of Activin Signaling Pathway
To clarify whether activin A is involved in the action of TGF-␤1 in renal fibroblasts, we examined the effect of TGF-␤1 on the expression of type I collagen mRNA in the presence of follistatin. TGF-␤1 significantly increased the mRNA expression of type I collagen in NRK-49F cells, but its effect was not observed in the presence of follistatin ( Figure  10A ). We also examined the effect of TGF-␤1 on the expression of type I collagen in NRK-49F-tARII cells. As shown in Figure 10B , the expression level of type I collagen was not increased by TGF-␤1 in NRK-49F-tARII cells.
Discussion
Until now, activin A has been shown to be involved in several tissue fibroses (44) . In the liver, the expression of activin A was increased in cirrhotic and fibrotic livers (45) . The expression of activin A was also upregulated in the injured lung with pulmonary fibrosis (46, 47) . In the skin, transgenic mice overexpressing activin A in the epidermis revealed hyperthickened epidermis and dermal fibrosis (48) . In transgenic mice overexpressing follistatin in the epidermis, scar formation was decreased after wounding of the skin (49) . In the kidney, we previously demonstrated that the expression of activin A was upregulated in the kidney after ischemia/reperfusion injury and that activin A was involved in tubular regeneration (37). However, the role of activin A in renal fibrosis remains unknown.
In the present study, we showed that the expression of activin A was upregulated in tubular cells in the kidneys with UUO ( Figure 1) . Activin A has an inhibitory effect on cell proliferation in LLC-PK1 cells (39) . Conversely, blockade of activin signaling by overexpressing activin mutant receptor reduced the expression of an epithelial marker, E-cadherin, and eventually induced an immature phenotype in LLC-PK1 cells (39, 50) . We observed here that activin A did not affect the expressions of ␣-SMA and type I collagen in both LLC-PK1 cells and MDCK cells (Figure 2 ). Collectively, it is possible that activin A is one of the essential molecules for regulating cell proliferation and maintaining epithelial cell phenotype but is not involved in TEMT or ECM synthesis in renal epithelial tubular cells.
Differentiation from quiescent fibroblasts into myofibroblasts, which is defined by phenotypic changes such as the expression of ␣-SMA, has been termed fibroblast activation. The presence of interstitial myofibroblasts correlates with the extent of tubulointerstitial scarring and functional outcome in clinical glomerulonephritis (51, 52) . Therefore, specific inhibition of fibroblast activation may lead to new approaches in the treatment of progressive renal disease. In this UUO model, the localization of activin A was restricted to tubules ( Figure 1B) .
However, renal fibroblasts expressed activin type II receptor (Figure 3) , suggesting the possibility that activin A produced by tubular cells plays a role on interstitial fibroblasts in a paracrine manner in the kidneys with UUO. In the present study, we demonstrated that activin A promoted cell proliferation in both NRK-49F cells and primary cultured renal interstitial fibroblasts (Figure 3 ). Activin A induced the expression of ␣-SMA in these cells (Figure 4) . Furthermore, activin A increased the expression level of type I collagen ( Figure 5 ), suggesting that activin A acts as a potent activator of fibroblasts. Two protease cascades, the metalloproteinases and the plasminogen activator/plasmin family of serine proteases, are implicated in the turnover of interstitial matrix proteins (53) . Given that activin A did not affect the expression of MMP-2, PAI-I, and TIMP-1 (data not shown), it is possible that activin A is involved in ECM synthesis such as type I collagen but not in matrix degradation in renal fibroblasts. The expression of activin A was detected in tubular cells at 3 d after operation, and its upregulated expression continued for 10 d after operation. Given that activation of interstitial fibroblasts generally occurs at the early phase in the UUO model (54) , activin A may maintain interstitial fibroblasts in the activated state rather than initiate fibroblasts activation.
To examine the role of endogenous activin A in fibroblast activation, we used follistatin, an antagonist of activin A. Follistatin significantly inhibited cell growth in NRK-49F cells ( Figure 6 ). This inhibitory effect of follistatin was observed when cells were cultured in complete medium containing 5% FBS but not in a serum-free medium. Given that the expression level of activin A was very low in serum-starved cells but was markedly increased after growth stimulation with FBS (data not shown), these results suggest that follistatin inhibited cell growth by blocking the action of endogenous activin A. This notion was supported by the following result: Proliferation rate of cells expressing truncated type II activin receptor was significantly reduced compared with that of wild-type or vectortransfected cells ( Figure 8A ). Activin A induced the expression of activin A itself in NRK-49F cells ( Figure 9C ). Given that activin expression might be accelerated by an autocrine loop, it is likely that blocking the action of activin A brings results larger than expected.
There is a difference in the effective dose of activin A between NRK-49F cells and primary cultured fibroblasts (Figure 3) . In primary cultured fibroblasts, significant effect of activin A was observed at a lower concentration than in NRK-49F cells. This may be caused by the difference in the expression level of activin receptors between them. NRK-49F cells produce several growth factors endogenously and can divide several times even in a serum-free medium. Thus, basal proliferation rate in NRK-49F cells is obviously higher than that in primary cultured fibroblasts, which might blunt the effect of activin A on NRK-49F cells as compared with primary cultured fibroblasts.
TGF-␤ is a key mediator of renal fibrosis (8 -12) , and its expression is known to be upregulated in fibrotic kidneys (13) . However, the downstream mechanism of TGF-␤ action in renal fibrosis is not totally elucidated. We demonstrated here that TGF-␤1 induced the expression of activin A in NRK-49F cells (Figure 9 ). TGF-␤1 also enhanced the expression of type I collagen in NRK-49F cells, but its effect was canceled by follistatin or overexpression of tARII (Figure 10) . Although the precise mechanism of activin A in the action of TGF-␤ is unknown at present, it is possible that the action of TGF-␤1 in fibroblast activation is at least partly mediated by activin A. Given that induction of type I collagen expression by TGF-␤1 ( Figure 10 ) was preceded by the increase of activin production (Figure 9 ), TGF-␤ may exert its action by activation of the machinery of activin secretion rather than the promotion of transcriptional activity. Further study will be needed to clarify this issue. With regard to the differentiation of fibroblasts into myofibroblast, induction of ␣-SMA expression by TGF-␤1 was not blocked in NRK-49F-tARII cells (data not shown). Therefore, type I collagen synthesis is likely to be mediated by activin among various actions of TGF-␤ in fibroblast activation.
Basic FGF mediates a part of TGF-␤ actions in renal fibroblasts (17) . We showed here that activin A promotes cell proliferation and, furthermore, mediates TGF-␤-induced collagen synthesis in NRK-49F cells. Given that activin A does not induce the expression of basic FGF in NRK-49F cells (Yamashita et al., unpublished observation), the action of activin A may be independent of basic FGF in fibroblast activation, although it is possible that there is a cross-talk in the intracellular signaling between them. Conversely, BMP-7 is known to be an antifibrogenic factor and ameliorate renal fibrosis (19, 20) . Recently, BMP-7 was proved to be capable of antagonizing TGF-␤-induced TEMT in vivo and in vitro (21) . Given that BMP-7 exerts its antifibrotic effect via counteracting TGF-␤-induced TEMT (21), BMP-7 actions in the kidney may be independent of activin. In other words, combination of BMP-7 and follistatin may give rise to a synergistic therapeutic effect for the treatment of renal fibrosis. At all events, the present findings suggest that activin A is a new therapeutic target for the development of an antifibrotic agent. Follistatin may be an attractive candidate.
In summary, we demonstrated that the expression of activin A was upregulated in fibrotic kidneys with UUO. Activin A promoted cell proliferation, induced the expression of ␣-SMA, and enhanced the expression of type I collagen mRNA in renal fibroblasts. Follistatin or overexpression of activin mutant receptor reduced the proliferation rate and suppressed the expression of type I collagen. TGF-␤ induced the expression of activin A. In contrast, blockade of activin signaling reduced the TGF-␤ action such as type I collagen synthesis. These results suggest that activin A is a potent inducer of fibroblast activation in the kidney.
